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Abstract—Compact and efficient optical antennas are fun-
damental components for many applications, including high-
density fiber-chip coupling and optical phased arrays. Here we
present the design of grating-based micro-antennas with perfectly
vertical emission in the 300-nm silicon-on-insulator platform.
We leverage a methodology combining adjoint optimization and
machine learning dimensionality reduction to efficiently map the
multiparameter design space of the antennas, analyse a large
number of relevant performance metrics, carry out the required
multi-objective optimization, and discover high performance
designs. Using a one-step apodized grating we achieve a vertical
upward diffraction efficiency of almost 92% with a 3.6 μm-long
antenna. When coupled with an ultra-high numerical aperture
fiber, the antenna exhibits a coupling efficiency of more than
81% (-0.9 dB) and a 1-dB bandwidth of almost 158 nm. The
reflection generated by the perfectly vertical antenna is smaller
than -20 dB on a 200-nm bandwidth centered at λ = 1550 nm.
I. INTRODUCTION
L IGHT coupling between integrated photonic devices andthe off-chip environment has always posed challenging
research problems, especially for high-index-contrast plat-
forms such as Silicon-On-Insulator (SOI). Antennas based on
surface gratings have been widely used to interface integrated
circuits with optical fibers (Fig. 1(a)) as well as for free-
space coupling applications such as integrated optical phased
arrays (Fig. 1(b)) [1], [2], [3]. In both cases, antennas can
be flexibly arranged in any desired pattern on the chip. A
number of solutions have been proposed to improve their
efficiency and directionality in diffracting light, including
embedding Bragg or metal mirrors at the chip backside [4],
[5], use of silicon overlays [6], [7], and multiple etch steps
[1], [7], [8], [9], [10]. However, other limitations still exist.
Dimensions of SOI surface gratings are typically on the order
of few tens of microns and a significant size reduction is
not easy to achieve without compromising efficiency [11].
This can be a limiting factor for applications requiring a high
integration density, e.g. optical phased arrays or multi-device
photonic circuits with numerous fiber interfaces [2], [11], [12].
Moreover, the diffraction angle of surface gratings normally
depends rather strongly on the wavelength of the light, limiting
their operational bandwidth compared to edge fiber couplers
or end-fire antennas [13], [14]. The diffraction angle is often
designed to be slightly offset from the chip surface normal
direction to avoid high reflections into the input waveguide
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Fig. 1. Schematic of a grating-based micro-antenna used (a) as fiber coupler
and (b) as a part of a dense integrated optical phased array.
from the second-order diffraction [15]. This can introduce
additional challenges in fiber coupling or alignment with other
antennas and increase packaging complexity.
Depending on the chosen structure, the behaviour of surface
gratings can be controlled by a large number of design
parameters. For this reason, grating design has benefited from
the use of optimization techniques such as the genetic or
particle swarm algorithms [6], [15]. More recently, inverse
design using gradient-based local optimization algorithms in
combination with adjoint simulations [16] has been demon-
strated to be particularly efficient in exploring the large
design spaces generated by complex grating structures [17],
[18]. Although extremely powerful, both global and local
optimization strategies usually generate only a single or a
handful of designs optimized for the selected objective and
do not shed light on the characteristics of the design space
and the influence of the design parameters on the behaviour
of complex devices. Moreover, the simultaneous optimiza-
tion of multiple performance metrics is often non-trivial and
computationally intensive. A commonly exploited approach is
to carefully craft an objective function that properly weighs
several competing terms to obtain the desired result [19].
Other solutions look for Pareto fronts to solve optimization
problems involving multiple objectives, i.e. sets of solutions
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Fig. 2. 2D cross-section of the grating for (a) the periodic design and (b) the
one-step apodized design. Segment lengths are the design parameters defining
a 5-dimensional (for a fully periodic design) or 10-dimensional (for a one-step
apodized design) parameter space.
for which improving a given objective necessarily deteriorates
at least another one [20]. In practical implementations, often a
number of performance metrics has to be taken into account.
High diffraction efficiency and directionality, low reflection,
compact footprint, and fabrication tolerance are some desirable
features common to both fiber and free-space coupling applica-
tions. As fiber couplers in high-data-throughput interfaces, also
high modal overlap with the fiber (i.e. low interface losses)
and large bandwidth are fundamental performance metrics
of the antennas. An efficient, multi-objective, and flexible
optimization strategy capable of balancing all these aspects
is hence a valuable tool.
In this paper, we present the design of compact, highly
efficient, and ultra-broadband micro-antennas based on surface
gratings. These antennas have a perfectly vertical emission,
i.e. the beam centre axis is aligned along the direction normal
to the chip surface, while maintaining low reflections over a
large spectral range. An approach we recently proposed [21],
[22] combining inverse design based on adjoint simulations
[23] and machine-learning dimensionality reduction is used for
the design. This methodology allows to effectively map and
characterize the multiparameter design space of the antennas.
As a result, we are able to obtain a wealth of information
on the behaviour of a range of antenna designs, making
possible the analysis of a number of relevant performance
metrics and their mutual trade-offs. By exploiting a 300-nm-
thick silicon core and a structure made of a subwalength
pillar and a partially etched L-shaped segment [15], [21] we
achieve a vertical upward diffraction efficiency of almost 92%
at λ = 1550 nm with an antenna of only 3.6 μm in size.
When coupled to an ultra-high numerical aperture fiber with
mode field diameter of 3.2 μm, the antenna has a maximum
coupling efficiency of more than 81%, or -0.9 dB, with a 1-
dB bandwidth of almost 158 nm. Reflection is lower than -20
dB over a 200 nm bandwidth between λ = 1450 nm and λ =
Fig. 3. Fiber coupling efficiency η of antennas based on periodic gratings at
λ = 1550 nm as a function of parameters α and β for a design with (a) 3
periods, (b) 4 periods, and (c) 5 periods. The global optimum in each case is
indicated with a triangle and the corresponding upward diffraction efficiency
ρup and fiber coupling efficiency η are reported.
1650 nm. Fabrication tolerance is also analysed, predicting a
fabrication yield of 88% for the selected design under common
process variability.
The paper is organized as follow. Section II summarizes
the design methodology and investigates the performances
that can be achieved with micro-antennas based on periodic
grating structures. The analysis of one-step apodized gratings
is presented in Sec. III where several performance metrics and
achievable trade-offs are discussed. Based on this analysis,
Sec. IV reports on the multi-objective optimization of the
apodized design. The impact of stochastic fabrication vari-
ability is discussed in Sec. V, including an estimation of the
expected device fabrication yield. Conclusions are drawn in
Sec. VI. Finally, Appendix A includes additional details on the
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Fig. 4. Simulated back-reflection at λ = 1550 nm for an antenna based on a
periodic grating with 5 periods as a function of α and β. The triangular mark
is the design with highest coupling efficiency as shown in Fig. 3(c)
design methodology and Appendix B discusses some physical
insights on the grating behavior.
II. PERIODIC GRATING DESIGN
The antenna structure considered in this work is based on a
surface grating as schematically shown in Fig. 2. Each period
of the grating consists of a 300-nm-thick pillar and an L-
shaped section with a partial etch of 150 nm. The L-shape
provides blazing to increase the fraction of power diffracted
upwards and improve the grating directionality [24] while
the pillar reduces back-reflection by destructive interference
[15], [21]. The use of a thicker silicon layer compared to the
standard 220 nm increases the grating scattering strength and
hence reduces the required number of periods (i.e., the antenna
footprint) to achieve a target efficiency [10], [25]. A silica
upper cladding of 2 μm in thickness and 1 μm of buried silica
oxide are assumed. For the initial periodic structure shown in
Fig. 2(a), the k-th device in the design space is represented
by five parameters Lk = [L1,k, L2,k, L3,k, L4,k, L5,k], i.e., the
lengths of each segment within a grating period. The design
space is explored using the machine learning design technique
described in [21], [22]. To ensure a perfectly vertical emission,
we assumed a fiber to be placed vertically on top of the antenna
with the fiber facet in direct contact with the top of the upper
cladding and we collect a sparse set of designs with high fiber
coupling efficiency. This is obtained by multiple runs of a local
optimizer based on box-constrained limited-memory Broyden-
Fletcher-Goldfarb-Shanno algorithm (L-BFGS-B) and adjoint
simulations [23]. We then apply linear principal component
analysis (PCA) to these good designs. Similar to that reported
in our previous work [21], PCA reveals that two principal
components are sufficient to accurately represent the entire
pool of good designs, i.e.
Lk ' αkV1 + βkV2 +C, (1)
where V1 and V2 are the two principal components and C
is a constant vector. Instead of five lengths, we can hence
represent a good antenna design (i.e., an antenna with high
coupling efficiency) by using only the two parameters αk and
TABLE I
STRUCTURAL PARAMETERS OF SELECTED ANTENNA DESIGNS BASED ON
PERIODIC AND ONE-STEP APODIZED GRATINGS.
L [nm] Total length [μm]
Periodic
N = 3 [117 43 285 161 159] 2.30
N = 4 [116 50 217 177 161] 2.88
N = 5 [112 54 188 176 171] 3.51
Apodized
A [67 70 120 136 224
145 41 235 155 171]
3.60
B [57 93 118 90 277
143 41 225 156 171]
3.58
βk. Since all good designs lie on the 2D α-β sub-space, the
rest of the design space can be excluded from further inves-
tigation. The α-β sub-space can be rapidly and exhaustively
mapped by parameter sweeps computing not only the coupling
efficiency but also any other required performance, allowing a
comprehensive analysis of the device behavior. Further details
on the design methodology are reported in Appendix A.
Antenna simulations are performed using the commercial
2D-FDTD solver from Lumerical. The light is launched into
the antenna by the fundamental TE mode of the input waveg-
uide at the left of Fig. 2(a). Silicon and silica refractive
indices are 3.478 and 1.448 at λ = 1550 nm, respectively,
and dispersion is also taken into account [26]. The silicon
substrate is included in the simulation even though its effect
is normally negligible due to the high directionality of the
grating originated from its vertical asymmetry. The mode of
the fiber is modeled with a Gaussian function with a mode
field diameter of 3.2 μm at λ = 1550 nm. The longitudinal
position of the fiber along the antenna is optimized for each
simulation in order to maximize the fiber coupling efficiency,
calculated as:
η = ρu · ϕ, (2)
where ρu is the fraction of the injected optical power diffracted
upwards and ϕ is the overlap integral between the diffracted
field and the Gaussian function.
We consider here three different periodic grating designs
with N = 3, N = 4, and N = 5 periods, respectively, to find the
minimum acceptable antenna length that does not compromise
diffraction efficiency. In the three cases, we sweep α and β to
map coupling efficiency and reliably identify the global opti-
mum (see Appendix A for details). The results for λ = 1550
nm are shown in Fig. 3(a)-(c) where the best design (highest η)
is also marked. A larger number of periods allows to increase
the highest achievable fiber coupling efficiency η from 0.674
(-1.71 dB) to 0.759 (-1.20 dB) and the corresponding upward
diffraction efficiency ρu from 0.792 to 0.876. Using 6 periods
does not significantly improve efficiencies any further and
results are not shown. For all the three cases, the L-shaped
structure in the considered grating geometry guarantees a high
directionality, defined as:
Γ =
ρu
ρu + ρd
, (3)
with ρu and ρd the fraction of the injected optical power
diffracted upwards and downwards, respectively. For N = 3,
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Fig. 5. Analysis of multiple performance metrics for the one-step apodized designs. (a) Fiber coupling efficiency on a wide region of the α-β-γ sub-space.
The gray box highlights the smaller region including the highest achievable η and explored in the following panels. (b) Coupling efficiency in the region
of interest; (c) grating directionality; (d) 1-dB bandwidth around the wavelength of the peak coupling efficiency; (e) maximum reflection generated by the
grating in the wavelength range from 1450 nm to 1650 nm; (f) minimum feature size. Design A is selected based on the criteria described in Sec. IV while
deisgn B has the largest possible coupling efficiency η.
Γ = 0.980, for N = 4, Γ = 0.939, and with N = 5, Γ =
0.947. Structural parameters of the design with highest η are
reported in Tab. I for all the three cases. It is interesting to
notice how minimum feature size grows from 43 nm to 54
nm when N is increased from 3 to 5. These small features are
not surprising giving the compactness of the designs and can
be achieved by advanced 193 nm immersion deep ultraviolet
lithography [27], [28]. Larger feature sizes can be obtained
without compromising efficiency exploiting a subwavelength
metamaterial [29] in the direction transverse to propagation,
as described in [30].
For the five-period design (N = 5) the 1-dB bandwidth
is about 133 nm. For this antenna, the simulated reflection
(i.e., the fraction of power coupled to the counter-propagating
fundamental TE mode of the input waveguide) as a function
of α and β is reported in Fig. 4 for λ = 1550 nm. As
can be seen, for the design with the highest fiber coupling
efficiency (triangular mark) back-reflection is lower than -20
dB. Smaller back-reflections up to -23 dB can be achieved at
the cost of a slightly lower fiber coupling efficiency of 0.747.
The grating with N = 5 combines high diffraction and fiber
coupling efficiency, small back-reflection, and a compact total
length of only 3.51 μm. Further analyses on how different
parameters influence the behaviour of this design are reported
in Appendix B.
III. ONE-STEP APODIZATION
In a periodic grating, the overlap integral ϕ in Eq. 2 poses a
theoretical limit of approximately 0.8 to the maximum achiev-
able fiber coupling efficiency, due to the mismatch between
the exponentially decaying intensity profile generated by the
grating and the Gaussian-like shape of the fundamental mode
of an optical fiber [1]. In order to increase coupling efficiency,
the diffracted field profile can be shaped by apodizing the
grating structure, consequently improving the overlap with the
fiber mode [25]. We adopt a one-step apodization strategy [31].
Based on the results shown in the previous section for
the antennas based on periodic gratings, we design a grating
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Fig. 6. Pareto frontier for the maximum achievable fiber coupling efficiency
with the one-step apodized grating as a function of the corresponding 1-dB
bandwidth.
structure where one period with a first set of structural pa-
rameters (one-step apodization) is followed by four identical
periods (periodic section) with a second set of parameters.
This structure is schematically shown in Fig. 2(b). The design
space is hence 10 dimensional in this case and a given
antenna design k is represented by the parameters Lk =
[L11,k, · · · , L15,k, L21,k, · · · , L25,k]. The design methodology is
identical to the one described in Sec. II with the difference
that now the sub-space of good designs discovered through
PCA grows from 2D to 3D, that is:
Lk ' αkV1 + βkV2 + γkV3 +C, (4)
where V1, V2, and V3 are the three principal components
and C is a constant vector. The principal components are V1
= [0.139, -0.313, 0.025, 0.607, -0.705, 0.022, -0.001, 0.129,
-0.020, -0.001] μm, V2 = [-0.125, 0.890, 0.221, 0.348, -0.106,
0.075 , -0.007 , 0.015, -0.066, 0.032] μm, and V3 = [-0.181,
-0.300, 0.790, 0.258, 0.325, -0.014, -0.035, -0.146, -0.170,
0.174] μm. Instead of 10 segment lengths, parameters α, β,
and γ are used to represent one-step apodized devices.
A number of performance metrics are calculated as a
function of these three parameters, providing a wealth of
information to support design selection. Figure 5 reports on
the mapping results. To ease visualization, the size of the
dots in all sub-panels are proportional to the fiber coupling
efficiency of the corresponding design. A first low-resolution
mapping of η is performed to explore a wide portion of
the α-β-γ sub-space, as shown in Fig. 5(a). Two potentially
interesting areas with good fiber coupling efficiency designs
(at λ = 1550 nm) can be identified. The area toward lower
values of β hosts the highest efficiencies and is selected for
further analysis. A zoom-in of η in the region highlighted by
the gray box is shown in Fig. 5(b). A broad continuous area
with η > 0.75 is now clearly visible, with a maximum fiber
coupling efficiency of 0.838 (-0.77 dB), i.e., an improvement
of about 10% compared to the best periodic design with 5
periods shown in Sec. II. For the same region, Fig. 5(c) shows
the grating directionality at λ = 1550 nm as a function of α, β,
and γ. Almost all the designs included in the mapped region
TABLE II
PERFORMANCE OF THE APODIZED GRATING DESIGN SELECTED
ACCORDING TO EQ. 5 (A) AND THE DESIGN WITH THE BEST COUPLING
EFFICIENCY (B).
η ρu Γ R [dB] BW [nm] Y
A 0.813 0.919 0.979 -20.8 157.9 88%
B 0.838 0.910 0.973 -10.4 128.9 97%
η fiber coupling efficiency; ρu upward diffraction efficiency; Γ
directionality; R maximum reflection in the 1450 nm - 1650 nm wavelength
range; BW 1-dB bandwidth; Y device yield.
show Γ > 0.9 Among the designs with η > 0.75, the highest
achievable directionality is Γ = 0.98, with η = 0.77 (-1.14
dB).
The use of a strong and short grating also leads to an
exceptionally wide operational bandwidth for the antenna, as
shown in Fig. 5(d) where the 1-dB bandwidth centered around
the peak coupling efficiency is reported. In this case designs
with the widest possible bandwidth are not of interest because
they show low fiber coupling efficiencies (see Fig.5(b)). For
designs with η > 0.75, the highest achievable 1-dB bandwidth
is BW = 178 nm between λ = 1466 nm and λ = 1644 nm with
η = 0.753 at λ = 1550 nm. Figure 5(e) shows the maximum
reflection R in the 200-nm wavelength range from λ = 1450
nm to λ = 1650 nm as a function of α, β, and γ. This is a more
meaningful measure compared to the reflection generated at a
single wavelength because it guarantees a consistent behaviour
across the entire wide operational bandwidth of the antenna.
An area of designs with low reflection can be identified
overlapping the high-η area. The lowest achievable in-band
reflection is R = -20.8 dB, corresponding to a back-reflection
at λ = 1550 nm of -21 dB. Interestingly, the lowest achievable
reflection at 1550 nm is -51.7 dB but this design has a
behaviour much more sensitive to wavelength variations, with
a maximum reflection in the 1450 nm - 1650 nm bandwidth
as high as R = -13.5 dB. Lastly, Fig. 5(f) plots the minimum
feature size. Dimensions below 20 nm are not relevant and are
clipped to improve visual clarity. A large area with minimum
feature size above 40 nm is identified, a range comparable
with periodic designs.
IV. MULTI-OBJECTIVE OPTIMIZATION
Dealing with multi-objective optimization commonly re-
quires designing for the optimizer an objective function that
includes and properly weighs all the desired performance
metrics. Often this complex process is based on trial and
error and requires the designer’s experience to find the correct
balance between all the terms and guide the optimizer to the
proper solution. The possibility to map the design space, as
described in Sec. III, makes multi-objective optimization much
easier, essentially reducing it to a post-processing look-up
exercise.
From this point of view, it is of particular interest to
investigate the relation between fiber coupling efficiency and
1-dB bandwidth, obtaining a form of Pareto frontier for an
optimization problem involving these two quantities. This
analysis can be easily done here by exploiting the data
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described above (only designs with minimum feature size
above 40 nm are considered). Figure 6 shows the maximum
fiber coupling efficiency that can be achieved by the one-
step apodized design requiring 1-dB bandwidth being above
a threshold comprised between 125 nm and 180 nm. A clear
trade-off is highlighted. A bandwidth threshold BW = 125
nm allows to reach the global maximum η = 0.838 (see
also Fig. 5(b)). If a wider bandwidth is desired, this has
to necessarily come at the expense of a reduced efficiency.
Requiring BW ≥ 150 nm, limits fiber coupling efficiency
to η ≤ 0.831. Further bandwidth increments quickly degrade
fiber coupling efficiency, with η ≤ 0.734 for BW ≥ 180 nm.
The availability of this thorough analysis allows the designer
to easily select the best antenna design based on multiple
objectives. In this case, we want an antenna with the highest
possible fiber coupling efficiency, also ensuring a maximum
reflection R in the 1450 nm - 1650 nm wavelength range
below -20 dB, a 1-dB bandwidth BW larger than 150 nm,
and minimum feature size above 40 nm. This corresponds to
the optimization problem:
maximize
L11···L25
η(L11 · · ·L25)
subject to R ≤ -20 dB
BW ≥ 150 nm
Lmi ≥ 40 nm, i = 1, . . . , 5, m = 1, 2.
(5)
Solving Eq. 5 directly as a global optimization problem would
pose significant challenges due to multiple constraints (or
alternatively a complex objective function with multiple terms
to be properly weighed) and the difficulty in navigating the
10D design space. Moreover, some of the constraints such as
limits on bandwidth and reflection became clear only after the
analysis presented in Figs. 5 and 6 that highlighted absolute
achievable limits for these quantities. Lastly, constraints could
change for different applications. With the information avail-
able here, a new multi-objective optimization simply requires
another look-up operation in the different performance metrics
while directly solving the optimization problem would require
to start from scratch, without the possibility to exploit previous
results.
The structural parameters [L11, · · · , L25] of the design se-
lected based on the requirements described in Eq. 5 (design
A) are reported in Table I. The optimized apodized grating is
very compact being only 3.6 μm in length. As a reference, the
parameters of the design that simply maximizes the coupling
efficiency without any other criteria (design B) are also re-
ported. The first period of the two gratings is rather different
while the periodic section shows only minimal adjustments,
mainly in the distance between the pillar and the L shape (L23).
The performance of these two designs are compared in Table
II. Figure 7(a) and (b) show the fiber coupling efficiency and
reflection spectra, respectively, for the two designs. Design A
and B have almost identical upward diffraction efficiencies ρu
of 0.919 and 0.910 at 1550 nm, respectively. This translates for
design A in a fiber coupling efficiency η of 0.813 (-0.9 dB),
a small reduction compared to the maximum achievable η of
0.838 (-0.77 dB, design B). A fiber misplacement of ±0.8 μm
from its ideal alignment with the antenna causes an additional
Fig. 7. (a) Coupling efficiency and (b) reflection spectra for the selected
apodized design (blue solid lines) and for the apodized design with the highest
coupling efficiency η (orange solid line).
coupling loss of about 1 dB. Directionality is very high and
similar for both designs (0.973 and 0.978, respectively). The
small penalty on efficiency for design A is compensated by
a significant improvement of other performance metrics. The
1-dB bandwidth is about 30 nm larger than design B (157.9
nm instead of 128.9 nm). As a result, for design A η only
varies by 0.06 dB across the optical communication C band
(from 1530 nm to 1565 nm) and 1.3 dB across the S, C,
and L bands (from 1460 nm to 1625 nm). The reflection at
1550 nm is about 3 dB higher for design A, but over most
of the considered wavelength range design B exhibits higher
reflection, as shown in Fig. 7(b). Design A has a reflection
consistently lower than -20 dB over the 200-nm wavelength
range (R = -20.8 dB) while for design B reflection increases
to -15 dB at λ = 1510 nm and as high as -10.4 dB at λ =
1450 nm.
V. FABRICATION TOLERANCE
The analysis of the impact of fabrication uncertainty on the
antenna performance is a fundamental aspect of the design.
Here we consider four different sources of common geometri-
cal variability: Width deviations for the shallow and deeply
etched sections, etch depth deviation, and a misalignment
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Fig. 8. Fabrication tolerance analysis for the one-step apodized grating design. (a) Device fabrication yield (η ≥ 0.75) as a function of α, β, and γ. (b)
Probability density function of the coupling efficiency and (c) the maximum reflection R in the 1450 nm - 1650 nm wavelength range for the selected design
(deisgn A, solid blue curve) and the design with best η (design B, orange solid line). The shaded green area in (b) highlights η ≥ 0.75.
between the two etch steps. All these quantities are considered
as normally-distributed independent random variables with
zero mean and standard deviation of 5 nm for the width and
etch variations and 10 nm for the misalignment. The stochastic
analysis is performed very efficiently using a polynomial
chaos model [32], [33]. Twenty-five different values for the
four variables are sampled according to their distribution.
For a given nominal design, the corresponding twenty-five
modified designs are generated and simulated to obtain the
fiber coupling efficiency and the other performance metrics.
A stochastic surrogate model to describe the dependence of
η on the four random variables (polynomial chaos model)
is realized with second order Hermite polynomials as the
orthonormal basis. The same is done for the maximum in-
band reflection R. Finally, the probability density functions for
η and R are obtained with a standard Monte Carlo simulation
by sampling the surrogate models 104 times (which only takes
a few seconds) and using a Gaussian kernel density estimator.
As a synthetic measure of the sensitivity of the fiber
coupling efficiency to fabrication variability we compute the
device fabrication yield Y as the probability for a given design
to have η ≥ 0.75. The yield is reported in Fig. 8 (a) as a
function of α, β, and γ. Comparing this figure with Fig. 7
(b), it is evident how designs with similarly high fiber coupling
efficiency do not necessarily tolerate fabrication variability in
the same way, hence resulting in different yields. The region
of the sub-space with high yield values is much smaller than
the area with high fiber coupling efficiency in ideal conditions
(i.e., no fabrication variability). Figure 8 (b) shows in details
the probability density function of η for the design selected
according to Eq. 5 (design A, blue solid curve) and the
design with the highest fiber coupling efficiency (design B,
orange solid line), as described in Sec. IV. The two designs
show a similar performance spread due to variability, with
the latter slightly shifted towards higher values of η because
of its higher ideal efficiency. The green shade represents the
condition η ≥ 0.75, resulting, as reported in Tab. II, in Y =
88% and Y = 97% for designs A and B, respectively. Despite a
reduction of about 9%, design A still shows a very high yield
value which makes it a good candidate for fabrication. Lastly,
Fig. 8 (c) shows the probability density function for R (the
highest reflection in the 1450 nm - 1650 nm wavelength range)
for both designs. For design B (orange solid curve), R only
undergoes minimal fluctuations due to fabrication variability
but these fluctuations are centered at about -10 dB, the value
for R in ideal conditions. Starting from this design, there is
a negligible probability to obtain a fabricated antenna with
R ≤ −12 dB. For design A (blue solid curve), R is much
lower in ideal conditions (-20.8 dB) and not surprisingly this
makes it more sensitive to fabrication variability. Despite this,
there is a rather high probability of 64% to obtain R ≤ −15
dB, confirming the good robustness of this design.
VI. CONCLUSION
In this paper we have exploited a methodology based
on adjoint optimization and machine learning dimensionality
reduction for the multi-objective design optimization of a
grating-based micro-antenna in a 300-nm SOI platform. The
compact antenna is only 3.6 μm long, has a perfectly vertical
diffraction efficiency of almost 92%, and directionality of
98%. When coupled with an optical fiber with mode field
diameter of 3.2 μm vertically placed on top of the antenna,
a coupling efficiency of more than 81% is achieved with a
wide 1-dB bandwidth of almost 158 nm. Reflection is smaller
than -20 dB over the entire 1450 nm - 1650 nm wavelength
range. These good performances make the antenna ideal for
applications requiring dense arrays of both fiber and free-space
coupling interfaces.
APPENDIX A
DESIGN METHODOLOGY DETAILS
For the periodic grating, in the initial sparse set of good
designs we only select optimized solutions with coupling
efficiency η ≥ 0.6 (17 designs), η ≥ 0.7 (19 designs), and
η ≥ 0.72 (39 designs), for N = 3, N = 4, and N = 5,
respectively. The maximum coupling efficiency among these
designs is 0.612 (N = 3), 0.695 (N = 4), and 0.73 (N = 5),
always smaller than the maximum efficiency found by sub-
space mapping. The size of all these design sets is largely
sufficient to guarantee the proper convergence of PCA [21].
For N = 5, we consider twice the number of devices than the
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other cases to allow the analysis presented in Appendix B.
Two principal components allow to represent about 99% of
the variance for all the three sets, with a maximum projection
error always smaller than 10 nm when measured in Manhattan
distance
∑
i |L˜i − Li|. In the three cases, we map the α-
β sub-space by generating uniform grids of 2394, 925, and
1176 designs, respectively, at a Manhattan distance of 5 nm.
For the one-step apodized grating, we consider in the initial
sparse set 16 good designs with η ≥ 0.75 and a maximum
coupling efficiency of 0.81. Three principal components are
sufficient to represent 95% of the set variance with a maximum
projection error smaller than 16 nm. The map shown in Fig.
5(a) is generated with a grid of 2926 designs at a Manhattan
distance of 100 nm while all other maps include 1502 designs
at a distance of 50 nm.
APPENDIX B
PHYSICAL INSIGHTS ON THE GRATING BEHAVIOUR
Beside providing several advantages in the design, the use
of dimensionality reduction makes it easier also in the case of
multi-parameter devices to investigate how different param-
eters contribute to the device performance. To this purpose,
the periodic grating design with N = 5 periods presented in
Sec. II is considered here. For the five geometrical parameters
[L1, ·, L5], Fig. 9 shows the correlation coefficient
ρi,j =
cov(Li, Lj)
σLiσLj
(6)
computed using the initial sparse set of 39 good designs (see
Appendix A). In Eq. 6, cov denotes the covariance and σ is
the standard deviation. The correlation coefficient measures the
linear dependence between two parameters. As can be seen,
the correlation matrix has a clear block structure. Parameter
L1 is strongly correlated with parameter L3 (ρ1,3 = 0.98)
and strongly anti-correlated with parameter L2 (ρ1,2 = -0.98)
while correlation with the other two parameters is negligible.
Likewise, parameters L4 and L5 are quite strongly anti-
correlated (ρ4,5 = −0.7).
The application of PCA allows to highlight and take advan-
tage of these correlations. The two principal components for
this case (N = 5) are:
V1 = [0.31,−0.18, 0.90,−0.21,−0.09],
V2 = [−0.06,−0.02,−0.08,−0.70, 0.71].
(7)
For V1, the third component is at least three times larger than
all of the other ones, meaning that V1 is largely aligned along
the L3 direction in the 5D design space. Because of the strong
correlation between L1, L2, and L3 we can conclude that
V1 mostly represents the first three design parameters (which
defines the silicon pillar and the two fully etched gaps, see Fig.
2(b)). This behaviour is even stronger for V2 where the fourth
and fifth components are almost identical and about ten times
larger than the other ones. We can hence assume V2 mostly
represents L4, and L5 (the L-shaped structure). Because the
goal of PCA is to represent a set of correlated parameters with
a minimum number of independent parameters, the existence
of two blocks of correlated parameters makes two principal
Fig. 9. Correlation matrix for the five geometrical parameters [L1, · · · , L5]
of the periodic grating design with N = 5. The correlation coefficients are
calculated using the initial sparse set of good designs.
components sufficient to represent the original 5D design space
(or at least the portion of this space where good designs
reside).
This first result can be used to analyse the behaviour of
coupling efficiency (Fig. 3(c)) and reflection (Fig. 4) as a
function of α and β (i.e., along V1 and V2 axes). Coupling
efficiency is essentially circular in this 2D subspace, i.e., it
depends in a similar way on both α and β. The same behaviour
can be observed also for gratings with N = 3 (Fig. 3(a)) and
N = 4 periods (Fig. 3(b)). This means that the entire grating
period (both the initial pillar and the L-shaped structure)
similarly contributes to coupling efficiency. On the other hand,
reflection has a radically different dependence being mostly
determined by the value of α with only limited variations
along the V2 axis (β). It is hence mostly the initial pillar that
allows to control reflection with limited contribution coming
from the L shape. This analysis demonstrates how the use of
dimensionality reduction could assist the designer intuition,
giving access to a quantitative analysis of the behaviour of
multi-parameter devices.
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